Abstract: Invasive, non-native plant species can alter soil microbial communities in ways that contribute to their persistence. While most studies emphasize mycorrhizal fungi, invasive plants also may influence communities of dark septate fungi (DSF), common root endophytes that can function like mycorrhizas. We tested the hypothesis that a widespread invasive plant in the western United States, cheatgrass (Bromus tectorum), influenced the abundance and community composition of DSF by examining the roots and rhizosphere soils of cheatgrass and two native plant species in cheatgrass invaded and non-invaded areas of sagebrush steppe. We focused on cheatgrass because it is negatively affected by mycorrhizal fungi and colonized by DSF. We found that DSF root colonization and operational taxonomic (OTU) richness were significantly higher in sagebrush (Artemisia tridentata) and rice grass (Achnatherum hymenoides) from invaded areas than non-invaded areas. Cheatgrass roots had similar levels of DSF colonization and OTU richness as native plants. The community composition of DSF varied with invasion in the roots and soils of native species and among the roots of the three plant species in invaded areas. The substantial changes in DSF we observed following cheatgrass invasion argue for comparative studies of DSF function in native and non-native plant species.
Introduction
Invasive, non-native species are a significant ecological and economic concern because of the changes they cause to community structure and ecosystem processes in natural and managed ecosystems (Mack et al. 2000 , Ehrenfeld 2003 , Pimentel et al. 2005 , Lodge et al. 2006 ).
Recent research demonstrates that invasive plant species can alter the abiotic and biotic characteristics of the soil and that these changes can feed back to affect their establishment, competitive ability, and persistence (Klironomos 2002 , Bever 003,Vogelsang and Bever 2009 , Pringle et al. 2009 ). Soil carbon and nutrient pools are frequently modified by invasive species (Ehrenfeld 2003, Tamura and Tharayil 2014) , while species like garlic mustard (Alliaria petiolata) produce allelochemicals that negatively affect the root-associated arbuscular mycorrhizal fungi (AMF) upon which many native plant species depend for soil resource uptake (Stinson et al. 2006) . Bacterial endophytes recruited from the soil contributed to the competitive ability of Sorghum halapense in tallgrass prairie and were passed onto offspring via seeds (Rout et al. 2013) . Increases in the abundance and changes in the community composition of dark septate fungi (DSF) have been observed following invasion by two widespread non-native plants in the western United States, tamarisk (Tamarix spp) in riparian areas (Meinhardt and Gehring D r a f t 4 positive to negative depending upon plant species or genotype, fungal species or strain and environmental factors (Gehring et al. 2014, Mandyam and Jumpponen 2014) . In ecosystems where nitrogen is present largely in organic form, DSF tend to function similarly to mycorrhizal mutualists, improving the nutrient uptake and growth of their hosts (Newsham 2011) . Dark septate fungi are hypothesized to facilitate nutrient translocation between biological soil crusts and plants in arid grasslands (Collins et al. 2008 , Porras-Alfaro et al. 2011 . Disturbances in these grasslands, such as fire and subsequent invasion by non-native plants, could cause declines in DSF, potentially altering nutrient translocation. However, in sites dominated by non-native tamarisk, reductions in the abundance of arbuscular mycorrhizal and ectomycorrhizal fungi of native Populus fremontii are accompanied by increases in DSF, the predominant root associated fungi observed in Tamarix (Meinhardt and Gehring 2012) . Other non-native plants also cause reductions in mycorrhizal fungal abundance and diversity (e.g., Stinson et al. 2006 , Owen et al. 2013 ), but their effects on DSF remain poorly studied.
Cheatgrass is a rapidly expanding non-native, annual C 3 grass that is a poor host for arbuscular mycorrhizal fungi (Goldberry and Deckert 2006, Owen et al. 2013 ) but can form associations with DSF (Goldberry and Deckert 2006) . Cheatgrass originated from Eurasia and has now displaced native plants from over 20 million hectares of the western United States (Duncan et al. 2004 ). Cheatgrass invasion is associated with shifts in soil microbial communities and associated nutrient cycling processes (Belnap and Phillips 2001 , Kuske et al. 2002 , Norton et al. 2004 ) as well as changes in the abundance and species composition of arbuscular mycorrhizal fungi in roots and soil (Hawkes 2006 , Owen et al. 2013 , Busby et al. 2013 . Recently, Weber et al. (2015) documented striking differences at the order level between the soil fungal communities of adjacent cheatgrass and sagebrush dominated sites. One of the major lineages forming DSF, the Pleosporales, were common, but varied in composition as a function of dominant plant D r a f t species and soil depth. Weber et al. (2015) suggested that further study of the Pleosporales in association with cheatgrass invasion was needed, particularly studies that included native grass species.
In this study, we investigated the abundance, species richness and community composition of DSF in cheatgrass and sagebrush-dominated ecosystems using next generation sequencing analysis of the roots and rhizosphere soils of big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle and Young) and a perennial native grass, Indian rice grass (Achnatherum hymenoides (Roemer & J.A. Schultes. Barkworth), in areas dominated by either cheatgrass or sagebrush. We made the same measurements on cheatgrass, which only occurred in the cheatgrass dominated areas. Although we obtained data on other fungi as part of our DNA sequencing, we focused this study on members of the order Pleosporales, the only recognized order of DSF we observed. We tested the following hypotheses: D r a f t 6 H3. Invasion by cheatgrass alters the DSF community composition and reduces species richness in the roots and rhizosphere soil of a native grass and a native shrub. The low AMF colonization and species richness characteristic of cheatgrass roots may favor root colonization by DSF in cheatgrass. Dark septate fungi may become more abundant than AMF in the soil resulting in greater diversity and altered species composition of DSF in the roots of native plants in invaded sites relative to non-invaded sites.
H4. When growing together in an invaded site, the root and soil DSF communities of rice grass sagebrush, and cheatgrass will differ significantly from one another. We expect non-native cheatgrass to have a different community of DSF than its native neighbors because of its negative relationship with the other dominant root associates in the system, AMF. We expect rice grass and sagebrush communities to differ because DSF may associate more strongly with grasses in semi-arid systems (Porras-Alfaro et al 2011, Knapp et al. 2012) . Previous studies of DSF associated with the root and soil communities of sagebrush ecosystems converted to cheatgrass have compared only sagebrush and cheatgrass roots and soil (Weber et al. 2015) , leaving open the question of impacts on native grass DSF.
Materials and Methods
We tested these hypotheses by sampling roots and rhizosphere soils on November 15, 2013 within a 990 ha study area located in the Kaibab National Forest in northern Arizona at ~1800m elevation (36.625, -112.523 ). The study area occupied a mixed shrubland/woodland community within areas burned in the 1996 Bridger-Knoll Complex wildfire. The Bridger-Knoll fire burned more than 20,000 ha of pinyon-juniper and mixed shrub communities (USDA Burned-Area Report 1996). In addition to rice grass and big sagebrush, common native plants included (Owen et al. 2011 ).
We sampled the roots and root-associated (rhizosphere) soil of sagebrush, cheatgrass, and rice grass plants in two types of locations in the study area, cheatgrass-dominated (hereafter called "invaded") and sagebrush dominated (hereafter called "non-invaded"). Visual assessments along ten linear transects across the study area indicated that the invaded areas contained all three focal plant species, with cheatgrass dominating and sagebrush and rice grass occurring at lower density. Cheatgrass was absent from the "non-invaded" areas, which were dominated by sagebrush. Rice grass abundance was similar across the landscape. Because a large area of land was included in our sampling, the focal plant species were sampled in "sets" in which individual replicate samples of each plant species were collected within 7 m of one another. Six sets of three species were sampled in the invaded area (in total 18 root and 18 rhizosphere soil samples), and six sets of two species of plant were sampled in the native area (in total 12 root and 12 soil samples). Roots were excavated with a trowel and traced to the focal plant; soil adhering to the roots was shaken off and placed in a 50 ml falcon tube and roots were stored in polyethylene bags. Root and soil samples were stored at -20 °C until processing.
Although cheatgrass is known for its early spring flowering (Knapp 1996) , it reproduces twice annually in the study area, once in the spring and then again after summer rains that begin in July (Owen et al. 2011 ). Both grass species had completed flowering, but were still green with abundant living roots at the time of sampling.
D r a f t
In the laboratory, root samples were thoroughly washed in tap water and rinsed in distilled water. A random subset of roots from each sample was cleared for 20 min in boiling 10% KOH and then left an additional 12 h at room temperature in fresh 10% KOH. Roots were rinsed in distilled water, mounted on slides and observed using a compound microscope at 400X
magnification. The presence of melanized, septate hyphae and microsclerotia were used as indicators of DSF and quantified using the grid-line intersect method (McGonigle et al. 1990 ).
DNA extraction and amplicon sequencing
Total DNA was extracted from 0.5g soil and 0.5g of fine root tissue from each sample using the MoBIO PowerLyzer PowerSoil DNA extraction kit (MoBio Laboratories, Carlsbad, California, USA) following the manufacturer's instructions. DNA extractions were diluted to 2 ng/µL and used as template to amplify the internal transcribed spacer (ITS) region of the rDNA with the primers ITS7oF and ITS4R as described in Kohout et al. (2013) . These primers amplify the hypervariable ITS2 region, which is commonly used as a DNA metabarcoding marker for fungi (Mello et al., 2011; Davey et al., 2012) . The amplification was done in triplicate reactions containing 1 mM of each primer, 0.01 U/µL Phusion HotStart II Polymerase (Thermo Fisher Scientific, Waltham Massachusetts, USA), 1X Phusion HF buffer (Thermo Fisher Scientific), 3
mM MgCl 2 , 6 % glycerol, and 200 µM dNTPs. The PCR conditions involved an initial denaturation step at 94 °C for 4 min, followed by 20 cycles of 94 °C for 30 sec, 49 °C for 30 sec, and 72 °C for 90 sec. Products were checked on a 1% agarose gel, pooled, diluted 10-fold, and used as template in the subsequent tailing reaction with region-specific primers including the Illumina flow cell adapter sequences and an 8 nucleotide barcode using the previously described PCR conditions. Products of the tailing reaction were purified with carboxylated SeraMag Speed
Beads (Sigma-Aldrich, St. Louis, Missouri, USA) at a 1:1 v/v ratio as described in Rohland and Reich (2012) , and quantified by PicoGreen fluorescence. Equal quantities of the reaction products were then pooled. The library was bead-purified once again (1:1 ratio), quantified by qPCR using the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, Massachussetts, USA), and loaded at 9 pM (including a 30% PhiX control) onto an Illumina
MiSeq instrument (Illumina, San Diego, California, USA) using 2 x 150 paired-end read chemistry. The flow cell produced 733+/-36 K clusters per mm 2 , returning over 12.5 million reads that passed the quality filter. All sequences have been deposited at GenBank, accession number SRP068514.
Data analysis
The forward and reverse reads were stitched using FastqJoin (Aronesty, 2011). ITS sequences were quality filtered with the software package Quantitative Insights into Microbial Ecology v 1.9 (QIIME) (Caporaso et al., 2010 a) using a Phred score cut-off value of 20. Fungal sequences were extracted using ITSx (Bengtsson-Palme et al, 2013) , and OTUs were picked using SWARM (Mahe et al., 2014) with a local clustering threshold value of 3. The most abundant sequence for each OTU was aligned with PyNAST (Caporaso et al., 2010 b) against the UNITE database (Abarenkov et al, 2010), using a 97% similarity cutoff, and taxonomy was assigned using BLAST (Altschul et al., 1990) . The OTU table was filtered to include DSF only, and rarefied to 180 sequences per sample. Dissimilarity matrices of community compositions based on the ITS2 amplicon data were calculated using Bray-Curtis. Principal coordinate analysis was performed on the dissimilarity matrices to visualize patterns of community composition.
PerMANOVA with 999 permutations was performed to compare plant root and rhizosphere soil DSF community composition of different plant species, and in invaded and non-invaded habitats. 
Results
We found partial support for our first prediction that DSF colonization would be higher in invaded than non-invaded areas and highest within cheatgrass roots. Colonization by DSF was significantly higher in the invaded than non-invaded areas for both sagebrush and rice grass (F 1,20 D r a f t (Pleosporales) or family (Pleosporaceae) were also common, making up ~10% of the OTUs.
Rarefaction analysis showed that a sampling depth of 180 sequences per sample (which ranged from 180 -15,000) provided asymptotic estimates of species richness (Fig 2) . Average OTU richness was lower in root samples than in soil samples (F 1,42 =16.0, P < 0.0002) (Fig.2) . On average we observed 10.5 OTUs in the root samples and 17.8 OTUs in the soil samples. Thirtyeight OTUs were unique to the soil samples, while 36 OTUs were unique to the root samples, and 54 OTUs occurred in both samples types (Fig 2, inset) . The lower species richness of the root community is consistent with our hypothesis (H2) that the root DSF community represents a subset of the soil DSF community, but the large number of OTUs unique to root samples is not.
In support of our third hypothesis, soil and root DSF communities of sagebrush and rice grass varied with cheatgrass invasion. OTU composition differed significantly between invaded and non-invaded sites for both soil and root samples (pseudo-F 1,22 = 5.2, P = 0.001 and pseudo-F 1,21 = 2.9, P = 0.001, respectively) (Fig. 3) . The two plant species did not differ significantly from one another in either root (pseudo-F 1,22 = 1.7 P = 0.09) or soil (PCoA, pseudo-F 1,22 =1.0, P = 0.50) samples. There was also no significant interaction between plant species and site type for roots (pseudo-F 1,22 = 1.6, P = 0.14) or soil (pseudo-F 1,22 = 1.8 P = 0.08). Dark septate fungi OTU richness in roots was significantly higher in the invaded habitats (F 1,22 = 9.2 P = 0.006; Fig. 1B ), but there was no effect of invasion on the OTU richness of rhizosphere soil (F 1,21 = 0.4 P = 0.54; Fig 1C) . Some of the differences in root communities were striking. For example, a member of the genus Preussia was more than fifty times more abundant in sagebrush and rice grass roots in the non-invaded areas than the invaded areas. Indicator species analysis identified this OTU as an indicator of sagebrush roots in the non-invaded site. We also determined four indicator species for non-invaded soils, Macrospora scirpicola, Westerdykella ornate,
Pleosporales sp and Venturia fraxini. Seven OTUs were indicators for invaded sites in roots and
D r a f t six OTUs were indicators for invaded sites in soils. Five of these OTUs, were strong indicators of both roots and soil (Table 1) .
Root DSF communities in the invaded habitat varied among the three plant species (pseudo-F 2,17 = 3.9, P = 0.001), supporting our hypothesis (H4). Sagebrush root communities differed significantly from both cheatgrass and rice grass communities (pairwise test P = 0.001, 0.005, respectively), which also differed from each other (P = 0.013) (Fig. 4) . We identified a single species, Conitohyrium nitidae, as an indicator of sagebrush roots, and an uncultured
Pleosporales as an indicator of cheatgrass roots. Indicator species analysis also identified two indicators for rice grass roots, Leptosphaerulina chartarum, and a Pleosporales sp (Table 1) .
Dark septate fungi OTU richness did not vary significantly among plant species in the roots (F 2,17 = 2.1, P = 0.15). Soil DSF richness or community composition also did not vary among plant species (F 2,16 = 1.7, P = 0.21 and F 2,16 = 0.8, P = 0.70) (Fig. 4) .
Discussion
Our observation that levels of root colonization by DSF were higher in association with an invasive plant and in native plant species in invaded areas is consistent with previous studies.
Similar to our results, native cottonwoods (Populus fremontii) growing in association with nonnative tamarisk had reduced colonization by mycorrhizal fungi and higher colonization by DSF than cottonwoods with conspecific neighbors (Meinhardt and Gehring 2012) . Native Tanacetum vulgare had higher colonization by DSF in soils conditioned by invasive Solidago canadensis than by conspecifics (Schittko and Wurst 2014) . Several other studies document that cooccurring native and non-native plants species harbor DSF, but few of them report percentage root length colonized. Knapp et al. (2012) observed DSF in the roots of eight native plant species and three non-native plant species in semiarid grassland and woody steppe habitats on D r a f t the Great Hungarian Plain. Other studies focus solely on non-native plants. A survey of 37 nonnative plant species in Europe observed variable, but overall low levels of colonization by DSF (Majewska et al. 2015) while fewer species of weeds were colonized by DSF than by AMF in Brazil (Massenssini et al. 2014) . These latter studies suggest that non-native plant species are frequently colonized by DSF, but they do not address the question of higher colonization in habitats dominated by non-native plants or in non-native compared to native plant species.
Interestingly, in our study and the study on tamarisk invasion, the non-native plant species were either nonmycorrhizal (tamarisk, Meinhardt and Gehring 2012) 
D r a f t
We hypothesized that the root DSF community would be a subset of the soil community, indicating that the root associated community is recruited from the pool of soil fungi. Carter et al. plant-fungal symbioses. One explanation for this observation is the low abundance of fungi in soils compared to roots (Saks et al. 2014) . Rare organisms, due to low concentration of their DNA in a sample, may not be captured during amplicon sequencing. Another explanation is that some DSF do not live in rhizosphere soils. Although DSF are generally transmitted horizontally (Herrera et al 2010) , many endophytes are transmitted vertically via seeds (Siegel et al. 1985, Baker and Smith, 1966) and do not live outside plant tissues. The discrepancy we observed between rhizosphere soil and root-associated communities is important and should be considered when designing experiments that look at the effects of plants on fungal communities or the effects of the environment on plant associated fungal communities.
Sagebrush and rice grass root DSF communities were more species rich in invaded than non-invaded areas, but similar patterns were not observed in the soil. The difference in OTU richness with cheatgrass invasion was particularly striking for sagebrush roots with an average OTU richness in non-invaded, sagebrush dominated sites of less than six compared to an OTU richness nearly double that in the invaded areas. These differences may be linked to variation in the abundance or diversity of AMF in areas dominated by cheatgrass. Sagebrush and rice grass tend to be highly colonized by AMF (Bethlenfalvay and Dakessian 1984, Duke et al. 1994 ) while D r a f t cheatgrass colonization by AMF is low and its growth is negatively affected by AMF (Scherpenisse 2009 , Lekberg et al. 2012 , Owen et al. 2013 . Cheatgrass had lower AMF richness than sagebrush where they co-occurred in Idaho (Busby et al. 2013 ), but DSF richness was not measured. Arbuscular mycorrhizal fungi and other root endophytes like DSF can interact negatively (Rillig et al. 2013 , Gehring et al. 2014 , potentially due to root exudates produced by DSF (Scervino et al. 2014) . Over time, cheatgrass invasion could result in reduced abundance and species richness of AMF and corresponding increases in other fungi such as DSF that may colonize roots in the place of AMF. The consequences of these changes are important to evaluate for both cheatgrass and native plants, particularly given that DSF impacts on host plants vary from mutualism to parasitism (Mandyam and Jumpponen 2014) . Also, because our study was limited in temporal and spatial scope, it is important to determine if the patterns we observed are also found in other areas of sagebrush steppe invaded by cheatgrass.
In addition to changes in OTU richness, the OTU composition of roots and rhizosphere soils of native plants differed between cheatgrass and sagebrush dominated areas. Cheatgrass, sagebrush and rice grass root DSF communities also differed from one another, similar to several studies of AMF in which neighboring plants had distinct root communities (Vandenkoornhuyse et al. 2002 , Rosendahl et al. 2004 ). Our findings with cheatgrass invasion are consistent with studies of soil from cheatgrass invaded and sagebrush dominated plots in Idaho where several orders of fungi, including the Pleosporales, varied with vegetation type (Weber et al. 2015) . In our study, two species of Alternaria were indicators of both the root and soil communities of In conclusion, we found that the presence of an invasive grass strongly influenced the abundance, diversity and OTU composition of root-associated DSF, a result consistent with previous work on these widespread but poorly understood fungi. Taken together, these studies suggest an additional effect of invasive plants on the soil biota that merits further investigation. 
